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Recent  global  protocols  and  agreements  have  motivated  countries  to  use  biomass  for  energy  generation. 
However,  the  barriers  in  biomass  utilization  including  variations  in  biomass  availability,  high  moisture 
content,  low  bulk  density  and  dispersed  distribution  of  biomass  have  made  investors  reluctant  to  invest 
in  bioenergy  projects  in  some  parts  of  the  world.  In  this  paper,  in  addition  to  a  brief  summary  of  the 
conversion  technologies  used  for  energy  generation,  a  review  of  the  world  literature  on  techno-economic 
assessment  of  district  energy  systems  using  forest  biomass  as  the  primary  fuel  with  references  extending 
over  two  decades  is  provided.  Although  energy  generation  from  forest  biomass  is  found  to  be  expensive 
in  many  countries,  the  review  of  literature  revealed  important  factors  that  increased  the  share  of  biomass 
in  energy  production  in  other  countries.  These  important  factors  include  using  more  efficient 
technologies,  providing  governmental  grants  and  subsidies,  setting  new  policies  in  favor  of  biomass 
utilization,  increasing  emission  reduction  targets,  and  introducing  tradable  carbon  credits.  The  feasibility 
of  utilizing  forest  biomass  in  district  heating  systems  has  been  examined  in  the  literature  mainly  based 
on  the  costs,  while  considering  social  and  environmental  profiles  of  these  systems  could  improve  their 
acceptance.  Future  research  studies  on  assessing  the  performance  of  biomass  district  energy  systems 
should  consider  environmental  and  social  impacts  of  these  systems  in  addition  to  their  costs. 
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1.  Introduction 
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Energy  consumption  in  residential  and  commercial  buildings 
contributes  to  approximately  one  third  of  global  greenhouse  gas 
emissions  ([1,2]);  therefore,  a  decrease  in  the  use  of  fossil  fuels  in 
these  buildings  could  make  a  significant  contribution  in  meeting 
emission  reduction  targets.  One  solution  to  reduce  fossil  fuel 
consumption  in  residential  and  commercial  sectors  is  to  decrease 
energy  demand  [3,4]  by  incorporating  energy  efficient  solutions 
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in  the  design  of  buildings  such  as  thermal  insulation,  double 
and  triple  glazing,  solar  shadings,  cavity  wall,  reflecting  coating 
windows,  etc.  [5],  However,  the  energy  efficient  solutions  on  their 
own  cannot  offset  the  demand  for  energy  in  new  buildings,  and  they 
are  costly  and  time  intensive  when  applied  to  existing  buildings. 
Therefore,  other  strategies  such  as  replacing  fossil  fuels  with  alter¬ 
native  renewable  sources  of  energy  [6]  and  improving  energy 
conversion  efficiency  [7]  should  be  applied  along  with  decreasing 
energy  demand  to  reduce  fossil  fuel  consumption  in  buildings. 

Several  authors  examined  the  economic  feasibility  of  using 
renewable  sources  of  energy  for  heating  and  cooling  purposes. 
Esen  et  al.  [8]  evaluated  the  technical  feasibility  of  using  renew¬ 
able  biomass,  solar,  and  ground  energy  and  Chau  et  al.  [9]  studied 
the  techno-economic  viability  of  woody  biomass  boilers  for  heat¬ 
ing  greenhouses,  respectively  in  Turkey  and  Canada.  In  [10],  the 
ground  source  heat  pump  (GSHP)  system  was  compared  to 
conventional  heating  systems  in  Turkey.  The  results  of  this  study 
indicated  that  GSHP  showed  economic  advantages  over  conven¬ 
tional  heating  systems.  In  [11],  two  ground  source  heat  pump 
systems,  ground-coupled  and  air-coupled,  were  compared  for 
space  cooling.  Ghafghazi  et  al.  evaluated  the  energy  sources 
including  natural  gas,  wood  pellets,  sewer  heat,  and  ground  heat 
for  district  heating  in  British  Columbia,  Canada  in  [12]  and  ranked 
them  in  [13  using  a  multi-criteria  approach. 

District  energy  is  an  example  of  an  efficient  energy  system  in 
which  thermal  energy  conversion  takes  place  at  a  centralized  plant 
and  then  a  network  of  underground  pipelines  distributes  the 
thermal  energy  to  a  group  of  users  via  hot  water  or  low  pressure 
steam  [14],  District  energy  systems  have  higher  efficiencies  than 
individual  energy  systems  as  they  minimize  energy  wastes  [15],  In 
an  investigation  to  choose  the  best  energy  system  to  heat 
detached  homes  in  Sweden,  Gustavsson  et  al.  [16]  showed  that 
district  heating  was  a  more  efficient  and  less  expensive  system 
with  less  environmental  impacts  than  decentralized  and  electric 
heating  systems.  Difs  et  al.  [17]  also  showed  that  converting  to 
district  heating  in  Swedish  industries,  where  the  electricity  use  is 
extensive,  could  result  in  significant  reduction  in  the  electricity 
and  fossil  fuels  consumption.  In  a  survey  of  literature,  Rezaie  et  al. 

[18]  have  reviewed  applications  and  classifications  of  district 
energy  systems  and  discussed  their  technological,  environmental, 
and  economical  advantages. 

One  important  feature  of  district  energy  systems  is  their 
flexibility  in  using  a  wide  variety  of  energy  sources  as  their 
feedstock  including  conventional  fossil  fuels  as  well  as  renewables 

[19] .  Using  forest  biomass,  namely  residues  from  logging  activities, 
primary  and  secondary  mill  residues,  urban  wood  wastes,  and 
energy  crops  [20],  in  district  energy  systems  provides  the  oppor¬ 
tunity  to  produce  heat  and/or  power  with  limited  environmental 
impacts  by  utilizing  renewable  source  of  energy  and  increasing 
conversion  efficiency  simultaneously  [19],  In  comparison  with 
other  renewable  sources,  forest  biomass  can  be  stored  for  later 
use  [21]  and  can  be  converted  into  solid,  liquid,  and  gaseous  fuels 

[22] ,  Using  forest  biomass  in  district  energy  systems  creates  jobs 
and  promotes  social  and  economic  development  in  communities 

[23] ,  In  comparison  with  other  biomass  resources,  particularly 
agricultural  biomass,  forest  biomass  has  higher  bulk  density  [24] 
and  because  it  is  available  throughout  the  year  from  various 
sources,  it  provides  a  more  reliable  feedstock  and  eliminates  the 
long-term  storage  issue  associated  with  agricultural  residues  [25], 

Despite  the  environmental,  social,  and  economic  advantage  of 
using  forest  biomass  as  fuel,  forest  biomass  supplies  are  under¬ 
utilized  at  the  moment.  Some  barriers  that  restrict  the  use  of  forest 
biomass  for  producing  energy  are  seasonal  variations  in  biomass 
availability  [26],  limited  availability  and  high  production  costs  of 
biomass  [27],  existing  technical  limitations  (e.g.  conversion  effi¬ 
ciency)  and  complex  and  costly  fuel  supply  chain  logistics  [28], 


which  is  because  of  some  physical  characteristics  of  forest  bio¬ 
mass.  Low  bulk  density  of  biomass,  which  ranges  from  50  to 
130  kg  m~3  depending  on  the  biomass  type  [29],  together  with 
high  moisture  content,  and  low  calorific  value  increase  the 
logistical  requirements  of  the  supply  chain  including  the  size  of 
handling  system  and  storage  space  requirements  [30].  Because  of 
the  issues  discussed  above,  before  investing  in  forest  biomass  for 
district  energy,  the  availability  of  supplies  should  be  investigated 
to  assure  a  secure  supply.  The  delivery  cost  of  feedstock  and 
conversion  costs  should  be  calculated  not  only  to  determine  the 
cost  structure  but  also  to  measure  its  competitiveness  with 
alternative  energy  resources. 

Many  researchers  have  assessed  the  viability  of  bio-energy 
generation  from  forest  biomass  considering  financial  feasibility  (e. 
g.  [31])  and  biomass  availability  (e.g.  [32]  and  [33]).  This  paper  is 
an  overview  of  the  previous  studies  that  have  been  carried  out  to 
examine  the  feasibility  of  using  forest  biomass  for  generating  heat 
and  electricity  in  district  energy  plants  and  also  in  combined  heat 
and  power  (CHP)  systems.  The  purpose  of  this  paper  is  to  provide  a 
review  of  the  previous  studies  in  the  field  of  forest  biomass  based 
district  energy  by  summarizing  recent  developments  and  high¬ 
lighting  factors  that  impact  the  economic  viability  of  using  forest 
biomass.  The  studies  are  categorized  into  three  groups  based  on 
the  indicators  of  feasibility:  (1)  studies  on  forest  biomass  supply 
availability,  (2)  studies  focusing  on  delivered  cost  of  biomass  to  the 
gate  of  district  energy  systems,  and  (3)  studies  that  estimated  the 
cost  of  energy  generation  from  forest  biomass,  which  includes  at 
plant  costs  as  well  as  the  delivered  cost  of  biomass.  The  reviewed 
literature  in  this  paper  indicates  that  heat  and  power  production 
from  forest  biomass  is  relatively  expensive.  In  order  to  increase  the 
share  of  forest  biomass  in  energy  production  and  to  benefit  from 
its  environmental  advantages  policy  reforms  may  be  required. 
Setting  new  policies  and  legalization  and  providing  governmental 
subsidies  will  promote  the  economics  of  district  energy  from 
forest  biomass. 


2.  Studies  estimated  forest  biomass  supply  availability 
for  utilization  in  district  energy  systems 

Technical  and  economic  viability  of  forest  biomass  district 
energy  systems  significantly  depend  on  availability  of  forest 
biomass  supplies  since  it  quantifies  the  capacity  of  district  energy 
system  in  terms  of  the  size  and  number  of  plants.  The  spatial 
distribution  of  forest  biomass  supplies  also  determines  the  trans¬ 
portation  distances  and  costs  and  therefore  impacts  the  selection 
of  the  plant  location  [34].  Angelis-Dimakis  et  al.  [35]  have 
reviewed  the  literature  on  estimating  biomass  availability  includ¬ 
ing  forest  biomass  for  energy  purposes  focusing  on  the  tools  and 
methods  for  estimating  biomass  supplies.  Several  studies  have 
estimated  forest  biomass  supply  levels  for  bio-energy  in  general 
[36,37]  and  particularly  for  district  heat  and/or  power  generation 
[38,39]  with  the  aid  of  geographic  information  system  (GIS)  and 
taking  into  account  yield,  forest  area,  and  residue  ratios. 

Using  thematic  cartography  information  of  soil  and  forest 
growth  rates,  Vasco  et  al.  [38]  quantified  the  annual  forest  biomass 
availability  and  the  associated  potential  of  electricity  production  at 
a  regional  level  in  Mozambique.  Taking  residue  availability,  pro¬ 
tected  forest  areas,  and  transportation  infrastructure  into  account, 
Vasco  et  al.  [38]  located  combustion  power  plants.  Viana  et  al.  [39] 
evaluated  the  residue  availability  within  the  economic  distance 
from  a  number  of  existing  and  in-construction  plants  in  Portugal 
based  on  dendrometric  data,  biomass  allometric  regression  equa¬ 
tions  (BARE),  and  biomass  expansion  factors  (BEF).  Allometric 
equations  relate  the  total  volume  of  above-ground  biomass  as 
well  as  various  tree  components  (e.g.  stem,  top  and  branches)  to 
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the  diameter  and  height  of  a  tree  [40j.  BEF  is  a  multiplication 
factor  that  expands  commercial  round-wood  harvest  volume  to 
account  for  non-merchantable  components  including  tops  and 
branches,  and  non-commercial  trees  [41],  Viana  et  al.  [39]  stated 
that  estimated  quantities  would  be  sufficient  to  meet  the  demand 
of  the  plants  if  they  produce  combined  heat  and  power.  Otherwise, 
forest  biomass  should  be  co-fired. 

To  determine  the  feasibility  of  district  energy  from  forest 
biomass  based  on  supply  availability,  it  is  important  to  account 
for  the  factors  that  affect  forest  biomass  production  rates.  For 
instance,  forest  residues  production  depends  on  forest  manage¬ 
ment  practices.  Stand  rehabilitation  operations  and  salvage  log¬ 
ging  after  natural  disturbances,  increasing  harvesting  levels  to 
expand  market,  and  thinning  practices  increase  residue  produc¬ 
tion  [42],  The  availability  of  mill  residues  depends  on  the  quantity 
of  the  wood  processed,  wood  properties,  type  of  operation,  and 
maintenance  of  the  plant  [35],  Also,  it  is  important  to  make 
distinction  between  theoretical  and  real  quantities  of  biomass. 
Several  barriers  limit  the  accessibility  to  the  estimated,  or  in  the 
other  words,  the  theoretical  quantities  of  forest  biomass.  In  [39], 
the  authors  referred  to  technical  restrictions  (e.g.  slope)  which 
limit  the  collection  process  as  a  factor  that  should  be  taken  into 
account  to  obtain  real  biomass  quantities.  Fisher  et  al.  [43] 
addressed  several  barriers  in  estimating  supply  levels  of  energy 
crops:  low  cost  of  fossil  energy  sources,  lack  or  small  scale  of 
operations  and  lack  of  established  bio-energy  markets,  invest¬ 
ments  required  and  cost  of  land  suitable  for  high  yield  production, 
lack  of  experience  among  farmers,  deficiencies  in  information  and 
technical  support  to  farmers,  and  risk-aversion  were  non-technical 
barriers.  Smeets  et  al.  [44]  named  economic  and  ecological 
considerations  as  barriers  that  reduce  forest  biomass  availability. 
Becker  et  al.  [45]  added  social  considerations  to  the  aforemen¬ 
tioned  barriers  and  explained  that  factors  such  as  payment  offered 
to  land  owners  to  remove  residues,  concern  for  soil  health, 
concern  for  energy  independence,  and  the  influence  of  consulting 
foresters  impacted  the  owners'  decision  to  harvest  biomass. 


3.  Studies  estimated  the  delivery  cost  of  forest  biomass 
to  district  energy  plants 

Once  it  has  been  guaranteed  that  enough  forest  biomass  exists 
to  operate  a  district  energy  system,  the  delivery  cost  of  feedstock 
to  the  gate  of  district  energy  plants  should  be  calculated.  Forest 
biomass  should  be  economically  competitive  with  alternative 
sources  of  energy  in  terms  of  delivery  cost.  Forest  biomass  supply 
chain  for  heat  and  power  production  is  complex  and  includes  a 
series  of  activities  that  are  required  to  transfer  forest  biomass  from 
supplier  locations  to  the  heat  and  power  stations.  The  necessary 
activities  along  the  supply  chain  are:  (1)  in-field  harvesting;  (2) 
in-field  handling  and  transportation  of  forest  biomass  to  the  road 
side,  (3)  storage  which  can  take  place  at  supplier  location,  at  an 
intermediate  facility,  or  at  the  plant  location,  (4)  processing  forest 
biomass  into  woodchips  which  can  take  place  at  any  stage  but 
preferably  before  transportation,  (5)  loading  and  unloading  the 
transportation  vehicle,  and  (6)  transportation  to  energy  plant  [46], 

Forest  biomass  delivery  cost  depends  on  the  type  of  forest 
biomass,  harvesting  methods  and  tools,  the  configuration  of 
supply  chain  amongst  other  factors.  In  [46-48],  the  delivery  cost 
of  different  biomass  types  to  energy  conversion  points  were 
analyzed  and  compared.  In  these  studies,  bulk  density  was  shown 
to  have  high  impact  in  the  choice  of  biomass  type  based  on  their 
delivery  cost  to  district  energy  systems.  Bulk  density  determines 
transportation  and  handling  costs,  which  contribute  to  up  to  50% 
of  the  total  delivery  cost  [46],  Planning  and  managing  the  supply 


chain  efficiently  could  significantly  decrease  the  delivery  costs  of 
fuel  feedstock  to  the  facility  [46], 

For  the  same  type  of  forest  biomass,  age  and  size  of  trees  at  the 
harvesting  time  impact  the  economics  of  forest  biomass  delivery  to 
district  energy  plants.  In  [49],  Ahtikoski  et  al.  calculated  the  profit  from 
selling  energy  woods  to  power  plants  in  Finland  and  showed  that  the 
profitability  significantly  increased  when  trees  with  larger  diameters 
were  removed  because  cutting  and  forwarding  costs  decreased  for 
larger  trees.  In  [50],  increasing  the  rotation  period  was  found  to 
enhance  the  profitability  of  harvesting  whole  trees  for  power  produc¬ 
tion.  When  rotation  period  was  increased,  woodchips  availability  was 
increased  and  forest  management  cost  was  reduced. 

The  delivery  cost  of  forest  biomass  to  the  plant  is  not  only 
impacted  by  the  physical  characteristics  but  also  by  the  config¬ 
uration  of  the  supply  chain  under  which  forest  biomass  is 
delivered  to  its  destination.  Forest  biomass  may  be  transported 
to  the  plants  directly  from  the  supplier  locations.  In  the  direct 
supply  chain,  residues  are  chipped  at  the  roadside  just  before  the 
transportation  to  the  energy  plant.  Assuming  an  average  annual 
quantity  for  forest  biomass  availability,  Gautam  et  al.  [51]  calcu¬ 
lated  the  annual  total  delivery  cost  of  wildfire  burnt  pine  trees  to 
the  gate  of  a  67  MW  biomass  CHP  plant  in  Ontario,  Canada.  The 
supply  chain  in  [51]  consisted  of  felling,  extraction,  grinding,  and 
transportation.  Akhtari  [52],  however,  argued  that  due  to  varia¬ 
tions  in  availability  of  forest  biomass  over  the  year  it  would  not  be 
always  feasible  to  transport  forest  fuel  directly  from  supply 
sources  to  the  energy  plants.  In  some  months  of  the  year, 
particularly  in  winter  when  demand  is  high  while  sources  are 
inaccessible  due  to  severe  weather  conditions,  supply  shortage 
occurs.  To  balance  the  disparity  between  supply  and  demand 
amounts,  storing  forest  biomass  would  be  inevitable.  In  [52],  the 
author  analyzed  the  delivery  cost  of  forest  biomass  feedstock  for 
three  configurations  of  supply  chain:  (1)  direct  flow,  (2)  flow  via 
storage  when  chipping  was  carried  out  at  supplier  locations,  and 
(3)  flow  via  storage  when  chipping  was  done  at  the  storage  facility. 

Within  the  supply  chain,  selection  of  machinery  and  equipment 
for  forest  biomass  harvesting  and  transportation  influences  the  total 
delivery  cost  [53,54],  In  [53],  Tahvanainen  et  al.  developed  a  GIS-based 
model  to  simulate  costs  for  wood  energy  supply  chains  to  select  the 
best  transportation  logistics  for  their  supply  chain.  Their  analysis 
showed  that  the  choice  between  truck  and  railway  transportation 
depended  on  the  transportation  distances.  In  [54],  the  most  effective 
harvesting  machinery  was  selected  for  harvesting  whole  trees.  Their 
costing  model  allowed  for  selecting  between  chain  saw  and  feller- 
buncher  for  felling  trees  and  among  swing  yarder,  cable  skidder,  and 
ropeway  carrier  for  forwarding  the  felled  trees.  In  their  study,  the 
interest  rate  on  initial  investment  had  a  high  impact  on  the  profit¬ 
ability  of  harvesting  whole  trees.  Introducing  policies  to  overcome  the 
problem  of  interest  rate  would  turn  it  feasible  to  harvest  whole  trees 
for  power  production  in  Japan. 

The  choice  of  harvesting  method,  the  form  in  which  wood  is 
transferred  to  the  logging  access  roads,  impacts  the  delivery  cost  of 
fuelwood  since  each  method  requires  its  own  tools,  equipment,  and 
machinery.  In  [55],  Mahmoudi  et  al.  simulated  the  logistics  of  forest 
biomass  supply  chain  using  the  full-tree  to  roadside  method  over  a 
1-year  period  of  time,  while  Mobini  et  al.  [56]  incorporated  three 
harvesting  methods,  (1)  full-tree  to  roadside,  (2)  satellite  harvesting, 
and  (3)  full-tree  chipping,  in  the  simulation  model  over  the  service  life 
of  the  plant  (20  years).  In  full-tree  to  roadside  method,  the  felled  trees 
are  slddded  to  the  roadside  where  they  are  processed  into  saw-logs.  In 
this  method,  residues  generated  during  operations  together  with  trees 
not  qualified  as  saw-log  can  be  chipped  at  roadside.  Using  this 
method,  costs  of  felling,  skidding,  and  processing  are  not  included  in 
the  delivery  cost  of  woodchips  to  the  energy  plants.  In  satellite 
harvesting,  after  trees  are  felled  and  skidded  to  the  roadside,  they 
are  transported  to  a  satellite  yard.  At  the  yard,  the  trees  are  sorted  into 
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Table  1 

Summary  of  papers  on  economic  assessment  of  forest  biomass  supply  chain. 


Author/  Objective 

region 


Conversion  Biomass  feedstock  Method  Cost  components 

technology 


Allen  et  al. 

[46]  UK 


Cosic  et  al. 
[47]  Croatia 


Yoshioka 
et  al.  [48] 
Japan 


Ahtikoski 

et  al.  [49] 

Finland 


Kinoshita 
et  al.[50] 
Japan 


Gautam  et  al. 

[51] 

Canada 


Akhtari  [52] 
Canada 


Compare  the  delivery  cost  of  different  biomass  Power  plant 

Compared: 

Per  unit  delivery  cost  (£  Odt-1) 

•  Purchase 

types  to  the  plant 

•  Forest  residues 

Interest  rate:  not  applicable 

•  Harvesting, 

•  Short  rotation  forestry 

Service  life:  not  applicable 

chipping/ 

•  Miscunthus 

bailing 

•  Straw 

•  Handling 

•  Storing 

•  Transportation 

Key  findings:  Since  straw  had  a  well-established  supply  chain  and  was  a  waste  material  that  its  growing  cost  was  allocated  to  the  crop  produced,  its  delivery 
cost  to  the  plant  was  the  lowest  among  other  biomass  feedstock.  On  the  other  hand,  miscunthus  had  the  highest  delivery  cost  mainly  because  of  its  high 
production  costs.  The  authors  suggested  that  increasing  efficiencies  of  transportation  and  handling  systems  would  decrease  the  delivery  costs  in  future. 


Compare  the  delivery  cost  of  different  biomass  Grate  combustion  Compared: 
types  to  the  plants  (1  MWe  and  •  Wheat  straw 

10  MWe)  •  Corn  stover 

•  Forest  residues 


Levelized  cost  of  electricity 
($  MWh-1): 

Interest  rate:  18% 

Service  life:  12  years 


•  Purchase 

•  Transportation 


Key  findings:  In  the  10  MW  plant,  forest  residues  provided  the  least  expensive  electricity  followed  by  wheat  straw  and  corn  stover,  respectively,  while  in 
the  1  MW  plant,  the  cost  of  generating  electricity  was  the  lowest  for  wheat  straw  followed  by  corn  stover  and  forest  residues,  respectively. 


Compare  the  delivery  cost  of  different  biomass  Power  plant  (3  MW)  Compared: 

types  to  the  plant  •  Logging  residues 

•  Thinned  trees 

•  Broad  leaved  trees 


Per  unit  delivery  cost($  Mg-1): 
Interest  rate:  not  applicable 
Service  life:  not  applicable 


•  Harvesting 

•  Forwarding 

•  Transportation 


Key  findings:  None  of  the  biomass  resources  was  economical  to  be  used  for  power  production.  Logging  residues  though  were  less  expensive  than  two 
other  biomass  resources.  Advancement  in  harvesting  and  bundling  technologies  might  reduce  the  delivery  cost  of  feedstock  to  the  plant. 


Study  the  impact  of  thinning  rates  and  size  of  Any  power  plant  Energy  wood  from  young  Profitability  (revenue-costs)  of 
trees  on  the  profit  from  selling  energy  wood  stands  of  pine  thinning  energy  woods  (€  ha-1) 

Interest  rate:  not  applicable 
Service  life:  not  applicable 

transportation 

•  Chipping 

•  Long  distance 
transportation 


•  Income  from 
selling  wood 

•  Subsidies  from 
government 

•  In  field 


Key  findings:  It  was  found  out  that  profitability  of  thinning  energy  woods  from  young  stands  was  associated  with  thinning  rate  and  stem  size  of  trees. 
Intensive  thinning,  in  which  a  large  number  of  trees  are  removed,  improved  the  profitability  of  harvesting  energy  wood.  Regardless  of  the  thinning  rate, 
when  only  trees  with  diameters  larger  than  3  cm  were  thinned,  the  profit  from  selling  energy  woods  increased  significantly  because  cutting  and  in-field 
transportation  costs  of  larger  trees  were  lower  than  those  of  smaller  trees. 

Study  the  impact  of  rotation  period  on  Any  thermal  power  Whole  trees  Per  unit  delivery  cost  (JPY/m-3)  •  Felling 

economics  of  whole  trees  for  thermal  energy  plant  Interest  rate:  not  applicable  •  Bucking 

Service  life:  not  applicable  •  Forwarding 

•  Loading 

•  Chipping 

•  Transporting 

Key  findings:  Increasing  the  rotation  period  favored  the  economic  profitability  of  supplying  woodchips  to  existing  coal  thermal  power  plants  in  Japan. 
When  rotation 

period  was  increased,  there  was  an  increase  in  the  woodchips  supply  and  a  decrease  in  forest  management  costs. 

Calculate  the  delivery  cost  of  forest  biomass  CHPa  plant  (67  MW)  Wildfire  burned  tress  Per  unit  delivery  cost  ($  GMT-1):  •Felling 

under  the  direct  supply  chain  Interest  rate:  6%  •  Collecting 

Service  life:  5  years  •  Grinding 

•  Transportation 


Key  findings:  The  most  and  least  expensive  activities  in  the  supply  chain  of  biomass  to  the  gate  of  plant  were  felling  and  grinding,  respectively.  The 
authors  also  emphasized  on  the  considerable  impact  of  transportation  cost  on  the  total  delivery  cost  of  feedstock  when  plant  was  located  in  a  farther 
distance  from  the  collection  area  than  that  in  their  case. 


Calculate  the  delivery  cost  of  biomass  for  Direct  combustion  Forest  biomass: 
different  configurations  of  supply  chain  •  Logging  residues 

•  Sawmill  residues 


Per  unit  delivery  cost  ($  Odt-1): 
Interest  rate:  6.5% 

Service  life:  not  applicable 


•  Biomass 

•  Loading 

•  Chipping 

•  Storage 

•  Transportation 


Key  findings:  The  variability  in  forest  biomass  availability  determined  the  design  of  supply  chain.  Although  chipping  at  supplier  location  and  direct 
transportation  of  woodchips  to  the  plant  was  the  least  expensive  option,  it  was  not  always  possible  to  transport  woodchips  directly  to  the  plant.  This  was 
because  the  available  biomass  was  not  enough  in  some  months  of  the  year  to  meet  the  demand.  Therefore,  storing  either  chipped  or  non-chipped 
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Table  1  ( continued ) 


Author/  Objective 

region 


Conversion  Biomass  feedstock  Method  Cost  components 

technology 


residues  was  essential.  Between  options  with  storage,  chipping  at  supplier  location  and  storing  woodchips  was  less  expensive  than  storing  residues  and 
chipping  them  at  the  plant. 


Tahvanainen  To  find  the  most  economical  transportation  CHPa  plants  Forest  residues 

et  al.[53]  vehicle  to  deliver  forest  residue 

Finland 


Per  unit  delivery  cost  (€  m-3): 
Interest  rate:  not  applicable 
Service  life:  not  applicable 


•  Costs  at 
roadside 

•  Chipping/ 
crushing 

•  Loading  and 
unloading 

•  Transportation 


Key  findings:  The  transportation  distance  determined  the  configuration  of  the  supply  chain.  For  short  distances,  the  best  supply  chain  option  was  to  transport 
loose  debris  to  the  CHP  plant  and  carrying  chipping  process  at  the  plant.  For  medium  distances,  chipping  residues  at  the  roadside  and  truck  transportation  of 
woodchips  to  the  plants  offered  the  most  economical  option.  Railway  transportation  of  woodchips  was  cost-effective  only  for  very  long  transportation  distances. 


Kinoshita  To  find  the  most  economical  equipment  for  Any  thermal  power  Whole  trees 
et  al.  [54]  felling  plant 

Japan 


Selection  of  machinery  to  be  used 
for  low  cost  operations  (JPY/m-3) 
Interest  rate:  3% 

Service  life:  40  years 


•  Felling 

•  Bucking 

•  Forwarding 

•  Loading 

•  Chipping 

•  Transporting 


Key  findings:  The  authors  found  out  that  the  amount  of  harvestable  woody  biomass  was  positively  related  to  the  harvesting  costs  of  biomass.  For  their 
case  study,  the  most  profitable  harvesting  method  was  to  perform  felling  using  chainsaws  or  feller-bunchers  and  to  use  swing  yarders  for  forwarding.  The 
interest  rate  on  initial  investments  had  a  significant  impact  on  the  profitability  of  woody  biomass  production. 


Mahmoudi 

To  find  the  most  economical  harvesting 

Combustion 

Biomass  from  a  mountain 

Average  per  unit  delivery 

et  al.  [55] 

system 

300  MW 

pine  beetle-infested  forest 

i 

■a 

O 

Canada 

Interest  rate:  10% 

Service  life:  1  year 

•  Felling 

•  Skidding 

•  Loading 

•  Chipping 

•  Transportation 


Key  findings:  Most  of  the  time  required  to  supply  forest  biomass  from  a  conventional  harvesting  system  to  the  power  plant  was  taken  by  the  logging 
contractors  to  fell,  skid,  and  process  trees  and  leave  the  residues  at  the  roadside. 


Mobini  et  al.  To  find  the  most  economical  harvesting  Combustion 

[56]  system  300  MW 

Canada 


Biomass  from  a  mountain  Average  per  unit  delivery  cost  •  Felling 

pine  beetle-infested  forest  ($Odt-1):  •  Skidding 

Interest  rate:  10%  •  Loading 

Service  life:  20  years  •  Chipping 

•  Transportation 


Key  findings:  This  study  considered  the  same  case  study  in  [49],  extended  the  simulation  model  over  the  service  life  of  plant  instead  of  a  one-year 
planning  horizon  and  included  satellite  yard  harvesting  and  full-tree  chipping  harvesting  methods  in  the  model.  The  results  of  the  simulation  model 
indicated  that  although  the  conventional  harvesting  method  was  the  cheapest  option,  it  was  essential  to  incorporate  two  other  harvesting  systems 
because  the  availability  of  residues  in  the  conventional  system  was  limited. 


a  CHP:  combined  heat  and  power. 


saw-logs  and  fuelwood.  Fuelwood  trees  are  chipped  at  the  yard.  In 
this  method,  felling,  skidding,  and  processing  costs  are  shared 
between  the  energy  plant  and  the  logging  company  taking  the  residue 
to  saw-log  ratio  into  account.  In  full-tree  chipping,  the  tree  is 
completely  considered  as  fuelwood  and  chipped  at  the  roadside  after 
is  has  been  felled  and  skidded  to  the  roadside.  Both  simulation  models 
in  [55,56]  were  used  to  estimate  the  logistics  costs,  carbon  emissions 
and  moisture  content  of  delivered  forest  biomass  to  a  power  plant  in 
British  Columbia,  Canada. 

Table  1  summarizes  the  methods  and  key  findings  of  papers 
reviewed  on  the  economic  assessment  of  forest  biomass  supply 
chain  for  district  energy  generation. 

4.  Studies  estimated  energy  conversion  costs  from  biomass 

Although  the  delivery  cost  of  forest  biomass  is  an  important 
indicator  of  its  viability  for  district  energy  applications,  at  plant 
conversion  costs  should  be  calculated  to  determine  the  economic 
feasibility.  At  plant  conversion  costs,  which  include  investment 
and  operation  and  maintenance  costs,  may  differ  from  those  of 


alternative  energy  careers  and  this  affects  the  feasibility  of  forest 
biomass  utilization  in  district  energy  systems. 

Converting  the  potential  energy  content  of  biomass  into  useful 
forms  of  energy  is  achievable  through  various  technologies  which 
are  different  in  their  efficiency,  level  of  development,  investment 
and  operation  and  maintenance  costs,  and  labor  requirements. 
Three  categories  of  technological  conversion  processes  are  ther¬ 
mochemical,  biochemical,  and  chemical  processes  with  variety  of 
technology  options  within  each  group  [57].  Fig.  1  illustrates 
various  conversion  processes  and  their  products. 

This  study  focuses  only  on  thermo-chemical  processes  - 
combustion,  gasification,  and  pyrolysis  -  since  heat  and  electricity 
are  main  products  of  these  processes  and  they  are  frequently  used 
for  generating  district  heat  and  electricity  (to  review  conversion 
processes,  the  variety  of  technologies  within  each  group,  and  their 
characteristics  please  refer  to  [58-64]).  Chemical  and  bio-chemical 
technologies  are  used  for  alcohol  production  through  fermentation 
and  methane-enriched  gas  production  through  anaerobic  diges¬ 
tion  [57].  These  liquid  products  are  usually  consumed  in  transpor¬ 
tation  sector  and  also  in  engines  and  turbine  electrical  power 
generators  as  fuel  [65]. 
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Final  Products 


Primary  products 


Primary  products 


Final  products 


Fig.  1.  Biomass  conversion  processes  and  their  products. 


The  cost  of  energy  conversion  varies  with  the  capacity  of  energy 
production,  type  of  conversion  technology,  and  type  of  feedstock. 

A  large  district  energy  facility  has  a  lower  production  cost 
compared  to  a  small  facility  due  to  economy  of  scale.  Schnieder 
et  al.  [66]  and  Fischer  et  al.  [67]  compared  the  cost  of  heat  (in  [66]) 
and  electricity  (in  [67])  from  forest  biomass  for  different  capacities  of 
systems.  The  results  of  both  studies  indicated  that  the  larger  was  the 
system,  the  less  expensive  was  the  cost  of  energy  generation.  The 
competitiveness  of  forest  biomass  with  fossil  fuels  for  district  energy 
in  both  of  the  studies  was  conditioned  to  the  governmental  grants 
and  subsidies  along  with  taxes  on  C02  emissions  in  [66],  and 
employing  higher  capacity  factors3  than  current  ones  in  [67].  One 
important  consideration  in  regards  to  the  system  capacity  is  the 
trade-off  between  fuel  cost  and  specific  capital  cost  (capital  cost  per 
unit  of  produced  energy).  When  the  size  of  the  system  increases, 
system  efficiency  and  specific  capital  cost  increase  as  well.  At  the 
same  time,  larger  systems  require  more  forest  biomass  feedstock 
which  increases  forest  biomass  purchase  cost  and  transportation  cost. 

The  efficiency  of  the  conversion  technology  is  defined  as  the 
ratio  of  the  useful  output  of  the  conversion  technology,  which  can 
be  heat  or  electricity,  to  its  input  in  energy  terms.  Efficiency  of 


3  The  capacity  factor  of  a  plant  is  the  actual  energy  output  of  the  plant  over  a 
given  time  period  divided  by  the  nominal  capacity  of  the  plant  [83]. 


forest  biomass  conversion  technologies  depends  on  physical 
characteristics  of  the  fuel,  and  excessed  air  introduced  to  the 
conversion  technology.  Conversion  efficiency  is  higher  for  the  fuels 
with  lower  moisture  content  and  higher  heating  value.  To  achieve 
complete  combustion,  excess  air  is  introduced  into  forest  biomass 
boilers;  this  excess  air  reduces  the  boiler  efficiency  [68], 

Mitchell  et  al.  [69],  Caputo  et  al.  [70:  and  Varela  et  al.  [71] 
investigated  the  impact  of  conversion  efficiency  on  the  cost  of 
electricity  generation.  These  studies  indicated  that  higher  efficiencies 
do  not  guarantee  lower  electricity  generation  cost.  The  higher  capital 
cost  of  more  efficient  technologies  may  overweigh  the  savings  in  the 
delivered  cost  of  feedstock  to  the  plant  gate  due  to  higher  efficiency. 

In  [69],  the  cost  of  generating  electricity  was  calculated  using 
different  conversion  technologies:  biomass  integrated  gasification 
combined  cycle  (BICCC),  pyrolysis,  gasification,  and  combustion. 
Although  the  BIGCC  and  the  pyrolysis  systems  were  more  efficient 
than  the  gasification  alternative,  the  cost  of  generating  electricity 
was  the  least  in  gasification.  High  capital  cost  of  BIGCC  and 
pyrolysis  systems  overweighed  the  cost  savings,  i.e„  savings  in 
material  cost  due  to  their  high  efficiencies.  The  combustion  system 
was  the  least  expensive  system  to  acquire;  however,  its  low 
efficiency  resulted  in  higher  biomass  feedstock  demand  and 
consequently  higher  transportation  cost  than  other  options. 
Mitchell  et  al.  [69]  demonstrated  that  using  feedstock  with  lower 
moisture  content  in  pyrolysis  required  less  drying,  therefore, 
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it  reduced  the  cost  of  generating  electricity  from  this  technology. 
Caputo  et  al.  [70]  used  net  present  value  (NPV)  to  compare 
combustion  and  gasification  systems.  Although  the  gasification 
system  was  more  efficient  and  had  lower  operating  cost,  at  any 
production  scale,  the  combustion  system  had  higher  NPV  than  the 
gasification  system.  This  emphasized  the  higher  impact  of  capital 
investment  than  that  of  operating  costs  in  total  economic  perfor¬ 
mance  of  these  systems.  Positive  NPVs  were  achieved  for  capa¬ 
cities  larger  than  25  MW  for  combustion  system  and  larger  than 
30  MW  for  gasification  system. 

Feasibility  of  large  scale  (1  GWe)  electricity  production  from 
short  rotation  crops  in  Spain  was  examined  by  Varela  et  al.  [71], 
Taking  into  account  the  minimum  capacity  of  15  MW  for  each 
power  plant,  a  total  of  28  power  stations,  22  fluidized  bed 
combustion  (FBC)  plants  and  6  biomass  integrated  gasification 
combined  cycle  (B1GCC)  plants,  were  considered  for  generating 
1  GWe  of  electricity.  Although  B1GCC  systems  were  more  costly  to 
acquire,  they  produced  less  expensive  electricity. 

Novel  technologies,  those  in  their  early  stage  of  life  cycle,  are 
characterized  by  high  conversion  efficiencies.  However,  the  high 
capital  and  operating  costs  have  restricted  their  use  for  energy 
generation.  Contrary  to  novel  technologies,  well  developed  ones 
benefit  from  low  capital  and  operating  costs  since  they  have  been 
employed  over  a  long  period  of  time  and  were  subjected  to 
learning  effects.  Learning  and  gaining  experience  optimize  the 
labor  practice,  increase  automation,  and  increase  the  reliability  of 
system  [72],  Making  decisions  on  the  use  of  novel  technologies 
without  considering  the  learning  effect  might  prolong  the  com¬ 
mercialization  of  these  systems. 

In  [72],  Bridgwater  et  al.  compared  the  cost  of  forest  biomass 
power  generation  cost  using  pyrolysis,  gasification,  and  B1GCC 
novel  technologies  with  that  of  combustion  as  an  established 
technology  considering  a  learning  factor  of  20%  when  10  plant  of 
each  novel  conversion  technology  were  established.  Their  results 
showed  that  the  difference  between  electricity  generation  costs 
among  four  conversion  technologies  is  very  small.  When  the 
authors  ignored  the  learning  factor,  novel  technologies  produced 
much  more  expensive  electricity  than  combustion  system. 

In  addition  to  type  of  conversion  technology,  the  economic  viability 
of  a  district  energy  system  is  impacted  by  the  physical  characteristics 
of  forest  biomass  feedstock.  As  it  was  discussed  previously,  moisture 
content  and  heating  value  of  feedstock  impact  the  conversion  effi¬ 
ciency.  Moreover,  moisture  content,  bulk  density,  and  distribution  of 
forest  biomass  affect  handling  and  processing  costs  which  can  con¬ 
tribute  to  a  significant  share  of  the  total  cost.  The  purchase  price  of 
feedstock  is  another  determining  factor  in  investigating  economic 
feasibility  of  district  energy  from  biomass. 

Payback  period  and  internal  rate  of  return  (1RR)  of  a  small 
scaled  (4-MM-BTUs-per-hour  [1.17  MWh[)  forest  biomass  district 
heating  system  were  measured  in  [73]  as  indicators  of  economic 
performance  of  the  system.  Results  revealed  that  low  costs  and 
moisture  content  of  wood  biomass  and  high  alternative  fuel  costs 
had  shorter  payback  period  and  higher  IRR. 

In  several  studies,  the  cost  of  district  heat  and/or  power 
production  was  compared  among  various  types  of  feedstock 
including  forest  biomass,  agricultural  biomass,  and  fossil  fuels. 

Broek  et  al.  [74]  and  Gan  et  al.  [75]  drew  comparisons  among 
cost  of  electricity  generation  from  forest  residues,  short  rotation 
crops,  and  conventional  fuels.  In  [74],  Broek  et  al.  evaluated  the 
possibility  of  small  scale  electricity  generation  in  a  100  kW  com¬ 
bined  heat  and  power  (CHP)  plant  from  forest  biomass  including 
forest  residues,  sawdust,  and  willow  trees  as  short  rotation  crops 
in  Ireland.  The  economic  analysis  in  [74]  revealed  that  electricity 
generation  from  willow  plantations  was  not  feasible  unless  for¬ 
estry  grants  would  cover  some  parts  of  their  high  production  cost. 
The  feasibility  of  using  forest  residues  and  sawmill  wastes  was 


subjected  to  co-firing  them  with  coal  or  peat  in  existing  power 
plants.  Broek  et  al.  [74]  referred  to  price  uncertainty  as  the  major 
concern  in  using  sawmill  residues  for  electricity  production  in 
Ireland.  Gan  et  al.  [75]  compared  the  cost  of  electricity  generation 
from  woody  biomass  including  logging  residues  and  poplar 
plantations  with  that  of  coal  using  a  100  MW  biomass  gasification 
combined  cycle,  a  400  MW  pulverized  coal  system  and  a  428  MW 
integrated  coal  gasification  combined  cycle.  Their  economic  ana¬ 
lysis  showed  that  electricity  production  from  logging  residues  and 
poplar  would  be  competitive  with  that  from  coal  if  either  C02 
emission  taxes  or  emission  reduction  targets  would  increase.  It  is 
notable  that  in  this  study,  poplar  plantations  to  become  compe¬ 
titive  with  coal  required  significantly  tighter  emission  reduction 
targets  and  higher  emission  taxes  than  logging  residues. 

The  economics  of  district  energy  from  forest  biomass  with  that 
from  agricultural  biomass  was  compared  in  [76,77],  Kumar  et  al.  in 
[76]  ranked  straw  from  wheat  and  barley,  harvesting  residues,  and 
whole  forest  trees  for  electricity  production  in  Western  Canada  based 
on  the  levelized  cost  of  electricity.  Kumar  et  al.'s  [76]  evaluation 
indicated  that  whole  forest  trees  were  the  least  expensive  option 
followed  by  straw  and  harvesting  residues,  respectively.  In  this 
ranking,  yield  per  hectare  was  a  determining  factor.  High  transporta¬ 
tion  cost  due  to  the  very  low  yield  of  harvesting  residue  placed  this 
source  in  the  third  place  with  a  considerable  difference  with  straw  in 
the  second  position.  Straw  had  a  lower  yield  than  whole  forest  trees, 
but  good  access  to  roads  offsets  a  part  of  transportation  cost,  and  thus 
the  electricity  cost  from  whole  forest  trees  and  straw  were  close. 
Kumar  et  al.  [76]  stated  that  electricity  generation  using  biomass 
was  not  economical  in  Western  Canada.  Introducing  greenhouse 
gas  credit  might  turn  biomass  based  electricity  generation 
economical,  though.  Rodriguez  et  al.  [77]  evaluated  the  feasibility 
of  electricity  generation  from  agricultural  residues  (crop  stubble) 
and  forestry  residues  (harvesting  and  sawmill  residues)  by 
calculating  the  levelized  cost  of  electricity  generation.  In  their 
work,  the  cost  of  generating  electricity  from  crop  stubbles  was 
much  more  expensive  than  forest  residues.  Low  bulk  density  of 
crop  stubble  would  result  in  high  delivery  cost  of  biomass  to  the 
plant.  Although  found  to  be  expensive,  Renewable  Energy  Certi¬ 
ficates  (RECs)  in  Australia  have  turned  the  biomass  utilization 
into  an  economically  viable  option  for  small  scaled  electricity 
generation  (less  than  50  MW). 

Dwivedi  et  al.  [78]  and  Yagi  et  al.  [79]  compared  district  energy 
cost  from  various  types  of  forest  biomass.  In  [78],  Dwivedi  et  al. 
compared  eucalyptus  hybrid,  Acacia  nilotica,  and  Acacia  tortilis  for 
electricity  generation  in  India.  The  unit  cost  of  electricity  generation 
varied  with  respect  to  the  energy  plantation  and  was  the  least 
expensive  for  A.  nilotica  and  the  most  expensive  for  A.  tortilis.  To 
determine  the  overall  feasibility  of  using  forest  biomass  for  district 
electricity  production,  Dwivedi  et  al.  [78]  calculated  the  average  net 
present  value  of  electricity  generation  from  these  three  types  of 
energy  plantations  using  gasification  as  the  conversion  technology.  In 
this  work,  the  average  NPV  was  negative,  even  when  a  total  saving  of 
$25t~]  was  considered  due  to  the  elimination  of  carbon  dioxide 
emissions.  The  authors  argued  that  the  investment  in  the  100  kW 
forest  biomass  gasifier  would  become  feasible  if  the  government 
would  provide  fiscal  incentives  to  cover  the  costs  of  the  gasification 
unit,  civil  works,  and  distribution  network  establishment.  Sawmill 
wastes,  logging  and  thinning  residues  were  considered  for  generating 
heat  and  power  in  a  small  scaled  gasification  CHP  plant  in  a  study  by 
Yagi  et  al.  [79],  Considering  the  current  stage  of  technology,  sales  price 
of  electricity,  and  production  cost  of  biomass  fuel,  only  energy 
generation  from  sawmill  wastes  was  feasible  in  this  study.  However, 
for  lower  prices  of  biomass  production,  logging  residues  might 
become  feasible  to  be  used  if  the  gasification  entered  the  commer¬ 
cialized  stage.  Thinning  residues  appeared  not  to  be  an  economical 
source  in  this  case  because  of  high  thinning  cost. 
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Table  2 

Summary  of  papers  on  techno-economic  assessment  of  district  energy  generation  from  forest  biomass. 


Author/region  Objective 


Conversion  Biomass  feedstock  Method  Cost  components 

technology 


Schneider  et  al.  [66] 

Compare  the  cost  of  electricity  generation 

Combustion 

•  Thinning 

Levelized  cost  of 

•  Investment 

Germany 

using  different  renewable  sources  over  a 

systems: 

residues 

electricity  (€  GJ-1): 

•  Feedstock 

range  of  capacities 

.  40  kW 

•  Solar  energy 

Interest  rate:  4% 

production 

.  1000  kW 

•  Geothermal  heat 

Service  life:  15  years 

•  Transportation 

.  2500  kW 

•  Operation  and 

maintenance 


Fischer  et  al.  [67] 
Vanuatu 


Key  findings:  Regardless  of  the  system  capacity,  heat  generation  from  fossil  fuel  was  the  least  costly  option.  The  heat  from  thinning  residues  was 
more  expensive  than  that  from  other  renewable  energy  sources.  Heat  generation  cost  decreased  as  capacity  increased  for  all  types  of  biomass 
feedstock.  Taxes  on  C02  emissions  from  fossil  fuels  or  subsidizing  the  investment  cost  would  make  woody  biomass  competitive  with  fossil  fuels. 


Compare  cost  of  electricity  generation  using 

Gasification  systems: 

•  Energy  trees 

Levelized  cost  of 

•  Investment 

systems  with  different  capacities 

•  lOkWe 

•  Diesel 

electricity  ($  kWh-1): 

•  Fuel 

.  30  kWe 

Interest  rate:  10% 

•  Labor 

Service  life:  20  years 

•  Operation  and 

maintenance 

Key  findings:  Higher  capacity  factors  than  current  ones  made  electricity  from  forest  biomass  cost  competitive  with  electricity  from  diesel. 
Regardless  of  fuel  type,  the  30  kW  gasification  system  had  always  better  economic  performance  than  the  10  kW  system. 


Mitchell  et  al.  [68]  USA  Compare  cost  of  electricity  generation  using  20  MWe: 

different  conversion  technologies  and  •  BIGCCa 

biomass  types  •  Pyrolysis 

•  Gasification 

•  Combustion 


•  Logging  residues 

•  Short  rotation 
coppice  residues 


Levelized  cost  of 
electricity  ($  KWh-1): 
Interest  rate:  10% 
Inflation  rate:  5% 
Service  life:  20  years 


•  Investment 

•  Feedstock  delivery 

•  Operation  and 
maintenance 


Key  findings:  Gasification  system  generated  the  least  expensive  electricity.  BIGCC  and  pyrolysis  systems  had  higher  conversion  efficiencies 
and  required  less  material  to  be  bought  than  combustion  system;  however,  their  high  investment  cost  made  them  uneconomical  to  be 
adopted.  The  conversion  efficiency  of  the  combustion  system  was  so  low  that  material  cost  overweighed  the  low  capital  cost. 


Caputo  et  al.  [70|  Italy  Compare  the  cost  of  electricity  generation 

(5-50  MWe) 

Forest  biomass  in 

Net  present  value  (NPV) 

•  Investment 

using  different  conversion  technologies  over 

•  Combustion 

general 

(€) 

•  Operating 

a  range  of  capacities 

•  Gasification 

Interest  rate:  9% 

•  Logistics 

Service  life:  20  years 

•  Revenue  from  sale 

of  energy 

Key  findings:  Regardless  of  the  system  capacity,  generating  electricity  in  the  combustion  system  was  always  less  expensive.  Low  operating 
cost  of  the  gasification  system  could  not  offset  its  high  capital  cost.  Regardless  of  the  conversion  technology,  larger  systems  had  a  better  NPV. 


Varela  et  al.  [71]  Spain  Compare  the  cost  of  electricity  generation 
using  different  conversion  technologies 


•  FBCb  (22  plants)  Poplar  trees 

•  BIGCCa 
(6  plants) 


Levelized  cost  of 
electricity  (€  GJ-1): 
Interest  rate:  5% 
Service  life:  30  years 


•  Investment 

•  Feedstock  delivery 

•  Land 

•  Operation  and 
maintenance 


Key  findings:  The  BIGCC  system  demonstrated  cost  advantage  over  the  FBC  system.  Considering  all  the  plants,  the  fuel  cost  had  the  highest 
share  in  the  average  electricity  price  followed  by  investment  cost  and  operation  and  maintenance  cost. 


Bridgwater  et  al.  [72]  UK  Compare  the  cost  of  electricity  generation 

•  Novel  Forest  residues 

Levelized  cost  of 

•  Investment 

using  new  and  well-developed  technologies 

technologies 

electricity  (€  kWh-1): 

•  Feedstock  delivery 

•  Commercialized 

Interest  rate:  10% 

•  Operation  and 

technologies 

Service  life:  20  years 

maintenance 

•  Utility  costs 

•  Overhead 

Key  findings:  Without  considering  the  reduction  in  cost  of  electricity  generation  using  novel  technologies  due  to  learning  effects, 
commercialized  technologies  generated  much  less  expensive  electricity  than  novel  systems.  When  the  impact  of  learning  effects  on  the  costs 
was  considered  in  the  analysis,  there  was  negligible  difference  between  costs  of  electricity  generation  17  using  novel  and  commercialized 
technologies. 


Nicholls  et  al.  [73]  USA  To  study  the  impact  of  fuel  characteristics 

Combustion(4- 

•  Mountain  pine 

•  Internal  rate 

•  Investment 

on  the  economics  of  district  heat  generation 

MMBTUh-’)  d 

beetled  wood 

of  return 

•  Feedstock  delivery 

from  forest  biomass 

•  Sawmill  wastes 

•  Payback  period 

•  Operation  and 

Interest  rate:  7% 

Inflation  rate:  4%  for  first 
10  years,  7%  for  the 
second  10  years 

Service  life:  20  years 

maintenance 

Key  findings:  Low  wood  fuel  prices,  low  moisture  content,  and  high  alternative  fuel  cost  were  resulted  in  shorter  payback  period  and  greater 
rate  of  return.  Fuel  cost  had  the  largest  impact  on  the  profitability  of  the  project. 
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Table  2  ( continued ) 


Author/region  Objective 


Conversion  Biomass  feedstock  Method  Cost  components 

technology 


Broek  et  al.  [74]  Ireland  To  compare  the  cost  of  electricity  generation  CHPC  (100  kW) 
using  different  biomass  types 


•  Forest  residues  Levelized  cost  of 

•  Sawmill  wastes  electricity  (€  GJ-1): 

Interest  rate:  5% 
Service  life:  25  years 


•  Investment 

•  Fuel  cost 

•  Operation  and 
maintenance 


Key  findings:  Small  scaled  electricity  generation  in  the  CHP  system  was  more  expensive  than  the  current  sale  price  of  electricity.  Co-firing  of 
biomass  with  peat  or  coal  in  existing  electricity  plants  would  result  in  considerable  cost  reductions  in  electricity  generation. 


To  compare  the  cost  of  electricity  generation 

•  Pulverized  coal 

•  Poplar  trees  Levelized  cost  of 

•  Investment 

using  different  forest  biomass  types 

(400  MWe) 

•  Logging  residues  electricity  (€  GJ-1): 

•  Feedstock  delivery 

•  Coal  IGCCa 

Interest  rate:  6.5% 

•  Operation  and 

(428  MWe) 

•  Biomass  IGCC1 

Service  life:  20  years 

maintenance 

(100  MWe) 

Key  findings:  Electricity  generation  in  biomass  IGCC  system  cost  approximately  twice  as  high  as  electricity  generation  cost  in  coal  systems. 
Imposing  tax  on  C02  emissions  would  increase  biomass  utilization  for  electricity  production. 


Kumar  et  al.  [76]  Canada  To  compare  the  cost  of  electricity  generation  Combustion 
using  different  biomass  types 


•  Straw 

•  harvesting 
residues 

•  whole  trees 


Levelized  cost  of 
electricity  ($  MWlr1): 
Interest  rate:  10% 
Service  life:  30  years 


•  Investment 

•  Biomass 

•  Transportation 

•  Operating 


Key  findings:  None  of  the  biomass  sources  generated  electricity  economically.  Though,  the  least  expensive  biomass  source  to  generate  energy 
from  was  whole  forest  trees,  followed  by  straw  and  harvesting  residues.  Biomass  yield  per  hectare  was  a  determining  factor  in  this  ranking. 
Introducing  greenhouse  gas  credits  might  turn  biomass  based  power  generation  economical. 


Rodriguez  et  al.  [77] 
Australia 


To  compare  the  cost  of  electricity  generation  Direct  combustion 
using  different  biomass  types  (5  MW) 


•  Crop  stubbles 

•  Harvesting  and 
sawmill  residues 


Levelized  cost  of 
electricity  ($  kWh-1): 
Interest  rate: 7.5% 
Service  life:  30  years 


•  Investment 

•  Fuel 

•  Operation  and 
maintenance 


Key  findings:  In  general,  electricity  from  forest  residues  was  less  expensive  than  that  from  agricultural  residues.  Electricity  from  both  biomass 
sources  was  more  expensive  than  that  from  coal.  However,  renewable  energy  certificates  in  Australia  had  turned  it  feasible  to  generate  energy 


Dwivedi  et  al.  [78] 

India 

from  biomass. 

To  compare  the  cost  of  electricity  generation  Gasification 
using  different  types  of  energy  plantations  (100  kW) 

Energy  plantations 

Net  present  value  (NPV) 

(S) 

Interest  rate:  8% 

Service  life:  15  years 

•  Investment 

•  Fuel 

•  Transportation  cost 

•  Operating 

•  Transmission  and 
distribution 

Key  findings:  NPV  was  always  negative  even  when  carbon  credits  were  included  in  the 
subsidies  from  government  to  cover  capital  costs  were  essential. 

economic  analysis.  In  order  to 

make  it  feasible, 

Yagi  et  al.  [79]  Japan 

To  compare  the  cost  of  electricity  generation  CHP3  (  <  300  kWe) 
using  different  forest  biomass  types 

•  Sawmill 

•  Logging 

•  Thinning 
residues 

Levelized  cost  of 
electricity  ($  kWh-1): 
Interest  rate:  not 
discussed 

Service  life:  not 
discussed 

•  Fuel 

•  Investment 

•  Transportation 

•  Operation  and 
maintenance 

Key  findings:  Electricity  generation  from  sawmill  residues  was  already  economical.  Logging  residue  utilization  for  electricity  generation 
would  become  feasible  if  biomass  price  would  reduce  and  the  investment  cost  of  gasification  would  decrease.  Thinning  residues  were  never 
economical  to  use  because  of  high  thinning  cost. 


a  BIGCC:  biomass  integrated  gasification  combined  cycle,  IGCC:  integrated  gasification  combined  cycle. 
b  FBC:  fluidized  bed  combustion. 
c  CHP:  combined  heat  and  power. 
d  MM-BTUs:  one  million  British  thermal  unit  (BTU). 


Table  2  summarizes  the  papers  reviewed  on  economic  assess¬ 
ment  of  using  forest  biomass  for  energy  generation  in  district 
heating  systems. 

5.  Discussion 

Reviewing  previous  literature  revealed  some  common  findings. 
The  most  important  parameters  that  can  affect  the  economic 


feasibility  of  investing  in  forest  biomass  district  energy  systems 
are  summarized  below. 

Biomass  feedstock  can  impact  the  economic  performance  of  a 
district  energy  system  in  various  ways.  The  availability  of  biomass 
limits  the  capacity  of  the  plant  [46].  The  purchase  price  of  biomass 
was  found  to  be  a  significant  cost  component  in  [66,73,77,79]. 
The  yield  per  hectare  of  biomass  was  also  known  as  an  influen¬ 
tial  factor  in  [69,76].  The  biomass  with  higher  yield  per  hectare 
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requires  fewer  truck  movements  to  be  collected  from  different 
collection  areas,  thus  the  transportation  cost  would  be  lower 
than  that  for  biomass  with  lower  yield  per  hectare.  Also,  the 
transportation  cost  is  less  for  biomass  with  higher  bulk  density. 
This  was  covered  in  [77,48],  More  wood  can  be  transported  within 
the  same  truck  when  bulk  density  is  higher.  Mitchell  et  al.  [69] 
referred  to  moisture  content  as  an  important  factor  particularly  for 
technologies  that  require  very  low  moisture  content,  e.g.  pyrolysis. 
Lower  pretreatment  cost  would  be  a  cost  advantage  in  this  case. 

Procurement  cost  of  biomass  includes  harvesting,  collecting, 
transportation  of  biomass  to  forest  road  and  finally  to  the  plant. 
Since  these  activities  can  account  for  more  than  50  percent  of 
forest  fuel  supply  [46],  the  related  costs  are  very  influential  in 
economic  viability  of  using  forest  biomass.  The  supply  cost  of 
forest  biomass  was  referred  to  as  an  influential  factor  in  [47,49], 
Some  studies  focused  exclusively  on  transportation  costs.  Caputo 
et  al.  [70]  and  Gautam  et  al.  [51]  highlighted  the  importance  of 
transportation  costs.  The  improvement  in  efficiency  of  collection 
technologies  were  recognized  to  be  associated  to  lower  costs  of 
energy  generation  by  Yoshioka  et  al.  in  [48], 

Conversion  technology  can  affect  the  feasibility  of  using  forest 
biomass  for  district  energy  generation.  The  operating  scale  of  energy 
plant  is  an  important  factor.  Larger  plants  show  cost  advantage  over 
smaller  ones  since  the  specific  capital  cost  decreases  as  systems  get 
larger.  However,  larger  capacities  do  not  necessarily  guarantee  less 
expensive  energy  generation.  Large  scaled  plants  need  more  biomass 
to  be  purchased  and  collected  from  farther  distances,  which  impose 
higher  transportation  cost  to  the  system.  Furthermore,  as  it  was 
discussed  previously  the  capacity  of  biomass  plant  is  limited  to  the 
amount  of  available  biomass  [70,78,67], 

Efficiency  of  a  conversion  technology  can  influence  the  eco¬ 
nomic  feasibility.  The  higher  the  efficiency  is,  the  less  the  amount 
of  purchased  biomass  would  be.  The  less  the  amount  of  required 
biomass,  the  less  the  transportation  cost  would  be.  Varela  et  al. 
[71]  discussed  that  using  a  more  efficient  technology  could 
generate  more  electricity.  However,  Mitchell  et  al.  [69]  and  Caputo 
et  al.  [70]  showed  that  the  cost  savings  due  to  higher  efficiencies  of 
these  systems  may  not  offset  their  higher  capital  cost. 

Using  novel  technologies,  mainly  gasification  and  pyrolysis 
systems,  was  found  to  be  less  attractive  in  district  energy  plants. 
The  drawbacks  of  these  systems  are  high  capital  cost  and  high 
labor  cost.  Bridgwater  et  al.  [72]  and  Yagi  et  al.  [79]  recognized  that 
energy  generation  using  novel  technologies  would  cost  too  much, 
however  they  emphasized  that  learning  and  gaining  experience 
would  reduce  the  costs  in  the  future. 

Policies  and  government  incentives  have  a  key  role  in 
promoting  and  encouraging  more  investments  in  biomass  district 
energy  systems.  Introducing  C02  taxes  and  tradable  carbon  credits 
were  regarded  as  policies  that  would  encourage  investments  in 
biomass  district  energy  systems  in  [66,76,75,50],  The  experience  in 
Australia  in  setting  up  tradable  carbon  credit  can  be  used  by  other 
countries.  Rodriguez  et  al.  [77]  showed  that  this  policy  in  Australia 
has  improved  the  energy  generation  using  local  biomass.  However, 
policies  that  can  enhance  the  share  of  biomass  in  energy  genera¬ 
tion  are  not  limited  to  financial  ones.  Kinoshita  et  al.  [50]  referred 
to  increasing  the  rotation  period  of  trees  as  an  important  factor  in 
making  biomass  profitable  to  be  used  in  energy  generation  market 
in  Japan.  Schneider  et  al.  [66]  and  Dwivedi  et  al.  [78]  argued  that 
subsidies  and  grants  would  be  essential  to  make  biomass  district 
energy  systems  of  their  studies  profitable. 


6.  Conclusions  and  directions  for  future  research 

The  reviewed  literature  in  this  paper  indicates  that  despite  the 
many  advantages  of  forest  biomass,  costs  associated  with  material 


collection,  storage,  transportation,  and  conversion  exceed  its  value  on 
district  energy  market.  Fossil  fuels  appear  to  be  still  more  attractive 
than  forest  biomass  for  district  energy  because  of  their  lower  price  and 
their  more  cost-effective  supply  chain  and  logistics  process. 

Forest  biomass  for  district  energy  holds  a  great  potential  to 
reduce  greenhouse  gas  emissions.  However,  the  realization  of  this 
potential  is  occurring  slower  than  the  expected  pace  today  [80],  To 
accelerate  the  development  of  district  heat  and  power  generation 
from  forest  biomass,  supportive  policies  and  incentives  are 
required  to  overcome  the  immaturity  of  the  forest  biomass  value 
chain.  Lofstedt  [81]  mentioned  that  government  economic  sub¬ 
sidies  have  been  the  most  important  factor  in  the  success  of 
Sweden  to  fulfill  a  major  part  of  the  heat  demand  using  forest 
biomass  in  district  energy  systems.  District  energy  providers 
should  regard  forest  biomass  as  an  investment  with  long  term 
payback  and  wait  for  learning  effects  to  decrease  production  costs. 
However,  the  increase  in  the  demand  for  forest  biomass  can  lead 
to  unsustainable  harvesting  levels  which  have  negative  impacts  on 
biodiversity,  soil,  and  water  conservation  [82],  The  sustainability  of 
forest  biomass  harvesting  can  be  ensured  through  setting  new 
standards  and  legislations. 

One  way  to  increase  district  heat  and  power  production  from  forest 
biomass  is  co-firing  it  with  coal  in  existing  coal  energy  plants.  It  is 
estimated  that  to  burn  biomass  in  coal  power  plants  under  European 
conditions,  an  investment  in  the  range  of  5-10  EUR  per  MWh  is 
required  to  upgrade  plant  equipment  including  storage,  grinders,  feed 
systems,  burners,  air  blowers,  and  flue  gas  cleaning  equipment  [80]. 

Recently,  the  environmental  advantages  of  these  systems  have 
become  the  encouraging  factor  for  establishing  these  energy  plants. 
To  take  advantage  of  benefits  of  district  energy  systems,  incentives 
from  governments  are  essential.  The  impact  of  using  more  efficient 
technology  particularly  in  handling  and  transporting  biomass  has  not 
been  investigated,  yet.  Also,  further  research  is  needed  on  the 
performance  of  biomass  district  energy  systems  considering  their 
environmental  and  social  impacts  in  addition  to  their  costs. 
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